Liver X receptors (LXRs) are nuclear receptors that regulate macrophage cholesterol efflux by inducing ATP-binding cassette transporter A1 (ABCA1) and ABCG1/ABCG4 gene expression. The Niemann-Pick C (NPC) proteins NPC1 and NPC2 are located in the late endosome, where they control cholesterol trafficking to the plasma membrane. The mobilization of cholesterol from intracellular pools to the plasma membrane is a determinant governing its availability for efflux to extracellular acceptors. Here we investigated the influence of LXR activation on intracellular cholesterol trafficking in primary human macrophages. Synthetic LXR activators increase the amount of free cholesterol in the plasma membrane by inducing NPC1 and NPC2 gene expression. Moreover, ABCA1-dependent cholesterol efflux induced by LXR activators was drastically decreased in the presence of progesterone, which blocks postlysosomal cholesterol trafficking, and reduced when NPC1 and NPC2 mRNA expression was depleted using small interfering RNA. The stimulation of cholesterol mobilization to the plasma membrane by LXRs led to a decrease in cholesteryl ester formation and Acyl-coenzyme A cholesterol acyltransferase-1 activity. These data indicate that LXR activation enhances cholesterol trafficking to the plasma membrane, where it becomes available for efflux, at the expense of esterification, thus contributing to the overall effects of LXR agonists in the control of macrophage cholesterol homeostasis. (Circ Res. 2005;97:682-689.) 
D uring the initial stages of atherogenesis, monocytes migrate into the subendothelial space of blood vessels and differentiate into macrophages. The uptake of excessive amounts of lipoprotein-derived lipids converts them into foam cells. 1 After uptake, modified low-density lipoprotein (LDL)-derived cholesteryl esters (CEs) are hydrolyzed in late endosomes/lysosomes to free cholesterol, which then traffics to and integrates into the plasma membrane. 1 Excess membrane cholesterol is transported back to the endoplasmic reticulum, where it is re-esterified with fatty acids (FAs) by acyl-coenzyme A:cholesterol acyltransferase-1 (ACAT1) and stored in lipid droplets. 2 However, not all LDL-derived cholesterol traffics to the plasma membrane because a fraction is directly transported to the endoplasmic reticulum for esterification. The amount of lipid accumulation in macrophages reflects the balance between the rate of cholesterol accumulation/uptake and its removal via the reverse cholesterol transport pathway. 3 Availability of cholesterol in the plasma membrane is a crucial step for cholesterol efflux.
The molecular mechanisms responsible for regulating intracellular cholesterol transport and homeostasis are subject of intense investigation, and much of the knowl-edge has been gained from studies on the Niemann-Pick C (NPC) disease, a fatal recessive disorder caused by mutations in either the NPC1 or NPC2 genes. 4 Mutations in NPC1 cause the majority of cases of NPC disease, whereas mutations in the NPC2 gene account for Ͻ10% of the cases. 5 NPC1 is a transmembrane glycoprotein localized in the late endosomal compartment with a sterol-sensing domain projected into the lumen, whereas NPC2 is a soluble cholesterol-binding protein localized in the core of late endosomes. 5 NPC-deficient cells are characterized by the accumulation of LDL-derived free cholesterol within late endosomes/lysosomes attributable to a defective movement of sterols out of the lysosomal expanding pool to other locations, particularly the plasma membrane. Recently, MLN64, a transmembrane protein containing a steroidogenic acute regulatory protein (StAR) domain, was found to be localized with NPC1 in late endosomes, raising the possibility that MLN64 functions in concert with NPC1 and NPC2. 6 The StAR domain binds cholesterol and stimulates its movement from donor vesicles to the acceptor membrane. However, mutations in the StAR domain of MLN64 did not markedly impair cholesterol dynamics and had a minor impact on cholesterol movement. 7 These findings suggest that proteins with redundant functions can substitute for MLN64 in the cell.
The liver X receptors (LXRs) LXR␣ and LXR␤ are nuclear receptors activated by oxysterols involved in lipid uptake and efflux, lipogenesis, and lipoprotein metabolism. 8 LXR activators promote apolipoprotein AI (apoAI)-mediated cholesterol efflux through the induction of ATP-binding cassette transporter A1 (ABCA1), a direct LXR target gene in human and murine macrophages. 9, 10 Recently, ABCG1 and ABCG4, involved in lipid efflux to high-density lipoprotein (HDL), were identified as LXR target genes in macrophages. 11, 12 Although the effect of LXRs on cholesterol efflux from macrophages is well documented, whether LXRs also regulate intracellular metabolism and trafficking of cholesterol has not been studied yet. Here we demonstrate that LXR activation controls positively the postlysosomal mobilization of cholesterol, leading to an enrichment of cholesterol in the plasma membrane, where it redistributes in the external leaflet domains. In addition, we demonstrate that the stimulation of cholesterol mobilization to the plasma membrane by LXRs leads to a reduction of CE content and formation. Our results identify a role for LXR in the control of intracellular cholesterol homeostasis in macrophages upstream of cholesterol efflux.
Materials and Methods

Cell Culture
Human mononuclear cells were isolated from healthy donor blood. 13 Mature monocyte-derived macrophages were used after 10 days of culture. Murine bone marrow-derived macrophages (BMDMs) were isolated from C57BL/6J mice. 14 For experiments, medium was changed to medium without serum supplemented with 1% Nutridoma HU (Boehringer Mannheim).
RNA Extraction and Analysis
Total cellular RNA isolated from human macrophages treated or not for 24 hours with LXR ligands T0901317 or GW3965 (250 nmol/L, 500 nmol/L, and 1 mol/L) or from mouse BMDM 24-hour-treated with T0901317 or GW3965 (2 mol/L) using Trizol (Invitrogen), was reverse transcribed using random hexameric primers and Superscript reverse transcriptase (Invitrogen). cDNAs were quantified by quantitative polymerase chain reaction (Q-PCR) on an MX4000 apparatus (Stratagene) using specific primers (see the online supplement, available at http://circres.ahajournals.org).
Filipin Labeling of Membrane Cholesterol
Human macrophages were pretreated for 24 hours and thereafter every 24 hours with T0901317 (1 mol/L) or GW3965 (1 mol/L) and cholesterol loaded by incubation with acetylated LDL (AcLDL; 50 g/mL) in the absence or presence of progesterone (33 mol/L) for 48 hours, and filipin labeling was performed (see online supplement).
Measurement of Cholesterol in the Outer Layer of the Plasma Membrane
Cholesterol in the outer layer of the plasma membrane was assessed by measuring specific oxidation of cholesterol with exogenous cholesterol oxidase from Pseudomonas fluorescens. 15 Macrophages were pretreated for 24 hours and thereafter every 24 hours with T0901317 or GW3965 (1 mol/L) and cholesterol loaded by incubation with [ 3 H]cholesterol-AcLDL (50 g/mL) for 48 hours.
Cholesterol oxidase accessibility was measured as described 15 (see online supplement).
Cholesterol Efflux
Human macrophages were pretreated for 24 hours and thereafter every 24 hours with T0901317 (1 mol/L) and cholesterol loaded by incubation with [ 3 H]cholesterol-AcLDL (50 g/mL) for 48 hours. ApoAI-mediated cholesterol efflux was measured (see online supplement). Where indicated, progesterone (33 mol/L) was added during cholesterol loading and cholesterol efflux periods.
Small Interfering RNA-Mediated Macrophage RNA Interference
Complementary RNA oligonucleotides derived from human NPC1 (small interfering RNA [siRNA] ID 8092) and NPC2 (siRNA ID 18116) sequences (Ambion) were used to downregulate NPC1 and NPC2 expression in primary human macrophages. The scrambled control RNA oligonucleotides were also from Ambion. For cholesterol efflux study, macrophages were transfected with siRNA using jetSI (Polyplus Transfection). Nine hours after transfection, macrophages were pretreated for 24 hours and thereafter every 24 hours with T0901317 (1 mol/L) and cholesterol loaded by incubation with [ 3 H]cholesterol-AcLDL (50 g/mL) in RPMI 1640 medium supplemented with 1% Nutridoma for 48 hours, and [ 3 H]-cholesterol efflux was measured as described above.
Protein Extraction and Western Blot Analysis
Cells were harvested in lysis buffer containing PBS, 1% Nonidet P-40 and protease inhibitors. Proteins (20 g) were separated by SDS-PAGE, transferred to Hybond-C Extra membrane (Amersham), and immunoblotted using antibodies against NPC1 16 or NPC2. 17 Intensity of the bands was quantified using TINA 2.1 software.
Cellular Cholesterol Measurement
Human macrophages were pretreated for 24 hours and thereafter every 24 hours with T0901317 (1 mol/L) or GW3965 (1 mol/L) and cholesterol loaded by incubation with [ 3 H]cholesterol-AcLDL (50 g/mL) for 48 hours. Intracellular lipids were extracted, and total cholesterol and cholesterol distribution were measured (see online supplement).
Measurement of CE Formation
CE formation was assessed by measuring the incorporation of [ 14 C]-oleate into CEs. Human macrophages were cholesterol loaded by incubation with AcLDL (50 g/mL) for 48 hours. T0901317 (1 mol/L) or GW3965 (1 mol/L) was added 24 hours before cholesterol loading and thereafter every 24 hours. After the cholesterol-loading period, CE formation was measured (see online supplement).
Statistical Analysis
Statistical differences between groups were analyzed by Student t and ANOVA tests and were considered significant when PՅ0.05.
Results
LXR Activation Induces Plasma Membrane Cholesterol Enrichment Without Affecting Cholesterol Accumulation in Primary Human Macrophages
To evaluate whether LXR plays a role in cholesterol trafficking to the plasma membrane, filipin staining was performed in primary human differentiated macrophages loaded with AcLDL and treated with two different LXR agonists. LXR activation increased the amount of free cholesterol in the plasma membrane, as demonstrated by an increase of the filipin fluorescent signal ( Figure 1A through 1C ). Quantita-tive analysis of the filipin fluorescent signals demonstrated that LXR agonists significantly increased the fluorescence at the plasma membrane level with a concomitant reduction of the signal intensity in the perinuclear region ( Figure 1D ; ratio of membrane/intracellular intensity: T0901317ϭ2.0Ϯ0.4 and GW3965ϭ1.6Ϯ0.1 compared with control untreated cells set as 1).
To determine whether LXR activation results in a change in cholesterol distribution within the plasma membrane, a cholesterol oxidase accessibility test was performed. Human macrophages were loaded with [ 3 H]cholesterol-AcLDL, treated with T0901317 or GW3965 (1 mol/L), and then incubated with cholesterol oxidase (1 U/mL). The amount of specifically oxidized [ 3 H]cholesterol in LXR agonist-treated macrophages was Ϸ3-fold higher relative to control untreated cells ( Figure 2 ). Filipin staining and cholesterol oxidase assays indicate that LXR ligands increase plasma membrane cholesterol content and induce a redistribution of free cholesterol to the outer layer of the plasma membrane, where it may be more available for efflux.
To verify that the observed plasma membrane cholesterol enrichment on LXR activation is not a consequence of a global effect on lipid accumulation, intracellular cholesterol was measured in macrophages loaded with AcLDL and treated with T0901317 or GW3965 (1 mol/L). LXR activation did not modify macrophage cholesterol accumulation (cholesterol content untreated cells: 29.1Ϯ2.4 g/mg protein, T0901317: 32.4Ϯ2.8, GW3965: 27.7Ϯ2.3, AcLDL: 63.6Ϯ6.7, AcLDLϩ T0901317: 73.1Ϯ2.7, AcLDLϩ GW3965: 67.8Ϯ7.7), thus excluding the possibility that plasma membrane cholesterol enrichment by LXR is secondary to an effect on cholesterol uptake.
LXR Activation Increases Expression of Genes Involved in Cholesterol Trafficking to the Plasma Membrane
NPC1 and NPC2, and possibly MLN64, mediate intracellular cholesterol trafficking from the endosome/lysosome to the plasma membrane. To investigate a possible role of LXR on the expression of these genes, Q-PCR analysis was performed on primary human macrophages treated with LXR ligands. T0901317 or GW3965 induced NPC1, NPC2, and MLN64 mRNA levels ( Figure 3A LXR agonists increase outer layer plasma membrane cholesterol content. Human macrophages were cholesterol loaded for 48 hours and incubated with T0901317 (1 mol/L) or GW3965 (1 mol/L) added 24 hours before cholesterol loading and thereafter every 24 hours. Cells were fixed with paraformaldehyde and incubated without or with cholesterol oxidase (1 U/mL). Lipids were extracted and separated by thin-layer chromatography (TLC); spots corresponding to free cholesterol and 4-cholestenone were scraped and radioactivity measured. Results are expressed relative to untreated cells set as 1 as meanϮSD of triplicate determinations obtained from 4 independent macrophage preparations. Statistically significant differences between treatments and control are indicated (t test; *PϽ0.05; **PϽ0.01).
with untreated cells set as 1). Interestingly, no induction of cholesterol oxidase accessibility was observed in BMDM on LXR activation ( Figure 4D ). These data suggest that cholesterol enrichment in the plasma membrane by LXR agonists is induced in a species-specific manner and is not merely a consequence of ABCA1 induction.
LXR-Induced Plasma Membrane Cholesterol Enrichment and Efflux Are Blocked by Progesterone
To analyze the mechanism of LXR-induced cholesterol trafficking from the endosome/lysosome to the plasma membrane, the effect of progesterone, which inhibits postlysosomal cholesterol transport and mimics the phenotype of NPC1-deficient cells, 18 on LXR-induced cholesterol trafficking was measured.
First, filipin staining was performed on human macrophages loaded with AcLDL for 24 hours in the presence or not of progesterone (33 mol/L) and treated with T0901317 (1 mol/L). In the absence of progesterone, T0901317 induced an enrichment of cholesterol in the plasma membrane ( Figure 5A ). In contrast, when cells were treated with T0901317 in the presence of progesterone, filipin fluorescence was enhanced in perinuclear regions, suggesting cholesterol accumulation in this cellular compartment and abolishment of the inductive effect of the LXR ligand ( Figure  5A ).
Second, primary human macrophages were loaded with AcLDL in the presence or not of progesterone (33 mol/L), treated with T0901317 (1 mol/L), and subsequently exposed to apoAI to induce cholesterol efflux. In the absence of progesterone, apoAI-specific cholesterol efflux was Ϸ5-fold induced by T0901317 compared with control untreated cells. The presence of progesterone significantly reduced basal as well as T0901317-stimulated apoAI-specific efflux ( Figure  5B) . Thus, the control of cholesterol trafficking from the lysosomal compartment to the plasma membrane is a critical intermediate in the induction of cholesterol efflux by LXR.
Suppression of NPC1 and NPC2 Expression by siRNA Decreases LXR Induction of Cholesterol Efflux in Human Macrophages
To determine the contribution of NPC1 and NPC2 induction to cholesterol efflux stimulation by the LXR agonists, an siRNA approach was used to reduce NPC1 or NPC2 gene Results are expressed as meanϮSD of triplicate determinations obtained from 3 independent macrophage preparations. D, BMDMs were cholesterol loaded for 48 hours and incubated with T0901317 (2 mol/L) or GW3965 (2 mol/L) added 24 hours before cholesterol loading and thereafter every 24 hours. Cholesterol in the outer layer of plasma membrane was determined by measuring cholesterol oxidase accessibility. was performed on RNA isolated from primary human macrophages treated for 24 hours with T0901317 (1 mol/L) or GW3965 (1 mol/L), or with increasing concentrations of T0901317 (250 nmol/L, 500 nmol/L, and 1 mol/L; D through F). NPC1, NPC2, and MLN64 mRNA levels were normalized to cyclophilin mRNA and are expressed relative to the levels in untreated cells set as 1. Results are expressed as meanϮSD of triplicate determinations obtained from 4 independent macrophage preparations. Statistically significant differences between treatments and control are indicated (t test; *PϽ0.05; **PϽ0.01; ***PϽ0.001).
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expression. Q-PCR analysis indicated that the specific siR-NAs significantly suppressed NPC1 and NPC2 gene expression, by 80% and 70%, respectively, when compared with scrambled siRNA-transfected cells ( Figure 6A and 6B ). In addition, NPC1 and NPC2 protein levels were significantly reduced (NPC1 55% of reduction compared with scrambled siRNA-transfected cells, and NPC2 50% of reduction compared with scrambled siRNA-transfected cells). Moreover, no cross-interference was observed between the NPC1 and NPC2 siRNAs ( Figure 6A and 6B ). NPC1 and NPC2 knockdown did not affect ABCA1 gene expression, which was still positively regulated by T0901317 (data not shown). The reduced expression of NPC1 or NPC2 led to a significant decrease of basal cholesterol efflux ( Figure 6C ). In the absence of LXR ligand, cholesterol efflux in NPC1 or NPC2 siRNA macrophages was reduced by 40% or 30%, respectively. Scrambled siRNA did not affect cholesterol efflux when compared with untransfected cells (data not shown). In the presence of T0901317 (1 mol/L), cholesterol efflux in NPC1 or NPC2 siRNA macrophages was significantly decreased by Ϸ30% or 20%, but the magnitude of the induction by LXR was comparable to those observed in scrambled siRNA-transfected macrophages. This effect could be attributable to a residual LXR regulation of the other NPC, which is not affected by the siRNA (Figure 6C ). However, when cholesterol efflux was measured in macrophages transfected with NPC1 and NPC2 siRNA, the stimulation of efflux by T0901317 was significantly decreased compared with scrambled siRNA-transfected macrophages treated with the same compound. Moreover, the fold induction of cholesterol efflux on LXR activation of NPC1/NPC2 siRNA-transfected macrophages was significantly lower than in scrambled siRNAtransfected cells ( Figure 6D ). Similar effects on NPC1 and NPC2 mRNA and protein expression, as well as on cholesterol efflux, were observed when NPC1 or NPC2 gene expression was decreased with a second set of siRNA for NPC1 and NPC2 (data not shown).
These observations indicate that the regulation of NPC1 and NPC2, both involved in the postlysosomal cholesterol mobilization to the plasma membrane, is an important step modulating the stimulatory effect of LXR on cholesterol efflux.
LXR Activation Decreases the CE Content in Human Macrophage Foam Cells
Because LXR activation stimulates cholesterol mobilization to the plasma membrane, it was investigated whether this effect could lead to changes in intracellular cholesterol distribution.
Human macrophages were loaded with [ 3 H]cholesterol-AcLDL for 48 hours and treated with T0901317 or GW3965 added 24 hours before cholesterol loading and thereafter every 24 hours. LXR agonists significantly decreased the amount of [H 3 ]cholesterol present in the CEs in a dosedependent manner ( Figure 7A and 7B ), suggesting a role for LXR in the control of macrophage cholesterol esterification.
LXR Activation Decreases CE Formation in Human Macrophage Foam Cells
Because LXR activation reduced the amount of CE in macrophages, the role of LXR agonists on ACAT1 activity and gene expression was investigated. Treatment of AcLDLloaded macrophages with T0901317 or GW3965 (1 mol/L) resulted in a reduction of CE formation as measured by a decreased incorporation of [ 14 C]oleic acid into CEs ( Figure  8A ). To determine whether LXR decreases CE formation through regulation of ACAT1 gene expression, Q-PCR analysis was performed in human macrophages incubated with T0901317 or GW3965 (1 mol/L) for 24 hours. LXR activation did not affect ACAT1 mRNA levels, excluding that LXR acts via changes in ACAT1 gene expression ( Figure  8B) . The decreased CE formation by LXR could be attributable to a reduced supply of free cholesterol as substrate for the ACAT1 enzyme.
Discussion
LXRs are oxysterol-activated nuclear receptors expressed in macrophages, where they control cholesterol metabolism and inflammation response. 19 -21 In macrophages, LXR ligands enhance ABCA1 expression as well as apoAI-mediated cholesterol efflux 9,10 and regulate the expression of the transporters ABCG1 and ABCG4, 11 thus stimulating cholesterol efflux to HDL. 12 Macrophage cholesterol homeostasis maintenance is the result of a balance between influx, endogenous synthesis, esterification/hydrolysis, and efflux. One determinant governing the rate of cholesterol efflux is the availability of cholesterol in the plasma membrane. In this report, we studied the influence of LXR activation on cholesterol homeostasis in human macrophages upstream of cholesterol efflux.
The control of macrophage cholesterol metabolism begins at the level of lipid uptake. However, LXR activation does Figure 6 . Suppression of NPC1 and NPC2 expression by siRNA decreases LXR induction of cholesterol efflux in human macrophages. A, mRNA levels of NPC1 were determined by Q-PCR analysis on RNA from transfected primary human macrophages treated or not with T0901317 (1 mol/L). Results were normalized to cyclophilin mRNA and are expressed relative to the levels in scrambled transfected cells set as 1 and are meanϮSD of two independent experiments. Values followed by different letters are statistically significantly different from each other (PϽ0.05). B, mRNA levels of NPC2 were determined as described in A. Results were normalized to cyclophilin mRNA and are expressed relative to the levels in scrambled transfected cells set as 1. Values followed by different letters are statistically significantly different from each other (PϽ0.01). C, Primary human macrophages were transfected with scrambled siRNA as control and with synthetic siRNA against NPC1 or NPC2 and cholesterol loaded by incubation with 50 g/mL [ 3 H]-cholesterol AcLDL for 48 hours. T0901317 (1 mol/L) was added 24 hours before and during cholesterol loading. Cells were then incubated in the presence or absence of apoAI, and [ 3 H]-cholesterol efflux was measured as described. Results are expressed relative to the scrambled transfected cells set as 1 and are meanϮSD of two independent experiments. Values followed by different letters are statistically significantly different from each other (PϽ0.01). D, Primary human macrophages were transfected with scrambled siRNA as control and with synthetic siRNA against NPC1 and NPC2. Cholesterol loading and efflux were determined as described. Values followed by different letters are statistically significantly different from each other (PϽ0.05). . LXR activation decreases CE formation in human macrophage foam cells but does not affect ACAT1 gene expression. A, Human macrophages were cholesterol loaded with AcLDL (50 g/mL) for 48 hours. T0901317 (1 mol/L) or GW3965 (1 mol/L) were added 24 hours before cholesterol loading and thereafter every 24 hours, and CE formation was measured by incubation with [ 14 C]oleic acid. Intracellular lipids were then extracted and separated by thin-layer chromatography (TLC). Spots corresponding to cholesteryl oleate and oleic acid were scraped and radioactivity measured. CE formation was calculated as percentage of [ 14 C]-oleate incorporated into CEs. Results are expressed relative to untreated cells set as 1 as meanϮSD of triplicate determinations obtained from four independent macrophage preparations. Statistically significant differences between treatments and control are indicated (t test; **PϽ0.01). B, Q-PCR analysis of ACAT1 and cyclophilin was performed on RNA isolated from human macrophages treated or not with T0901317 (1 mol/L) or GW3965 (1 mol/L). ACAT1 mRNA levels were normalized to cyclophilin mRNA and are expressed relative to the levels of untreated cells set as 1.
Results are meansϮSD of three independent experiments.
Rigamonti et al LXR, Cholesterol Trafficking, and Esterification
not affect AcLDL loading. In contrast, LXR agonists enhance the mobilization of free cholesterol to the plasma membrane, resulting in enriched cholesterol content in the outer layer, thus becoming more available for efflux. The induction of NPC1, NPC2, and MLN64 genes, all involved in the cholesterol trafficking from late endosome/lysosomes to plasma membrane, contributes, at least partly, to the observed effects of the LXR ligands. This regulation occurs in a speciesspecific manner because no induction was observed in murine BMDM on stimulation. These observations provide evidence for the existence of species differences in response to LXR agonists that may result in distinct regulation of cholesterol homeostasis, as already reported for cholesterol 7␣hydroxylase in the liver. 22 The enrichment of cholesterol in the plasma membrane and induction of apoAI-specific cholesterol efflux by LXR activation were reduced drastically in the presence of progesterone, which blocks cholesterol mobilization from the late endosome/lysosome and mimics a phenotype comparable to the one observed in NPC-deficient cells. 18, 23 To further investigate the mechanism by which cholesterol trafficking could contribute to cholesterol efflux, an siRNA approach to knockdown NPC1 or NPC2 expression was used. The implication of MLN64 on cholesterol efflux was not studied because it has been reported that MLN64 plays only a minor role in cholesterol dynamics. 7 Interestingly, simultaneous repression of NPC1 and NPC2 expression led to a drastic reduction of basal as well as LXR-induced cholesterol efflux without affecting ABCA1 gene expression. However, LXR activation still resulted in, albeit smaller, an induction of cholesterol efflux, suggesting the existence of other pathways involved in cholesterol movement regulated by LXR. Our observations indicate that stimulation of postlysosomal cholesterol mobilization to the plasma membrane by LXR activation via NPC1 and NPC2 induction is an important step upstream the stimulation of efflux through the ABCA1 pathway. In addition, we provide the first evidence that the NPC2 gene, which accounts for Ͻ10% of the NPC cases, 5 is involved in the process of cholesterol efflux, similar to NPC1.
Recently, fibroblasts isolated from NPC patients were shown to display a reduced accessibility of plasma membrane cholesterol to cholesterol oxidase 24 associated with an impaired cholesterol efflux to apoAI. 25 In line, NPC1-deficient subjects have decreased plasma HDL cholesterol levels. 25 The effects on NPC1 and NPC2 combined with the ability of LXR agonists to induce ABCA1-dependent apoAI-specific cholesterol efflux 9,10 and to stimulate cellular cholesterol efflux to HDL, via the induction of ABCG1 and ABCG4, 11, 12 are supportive for a role of LXR in the control of HDL metabolism.
The induction of NPC1 and NPC2 gene expression by LXR associated to its ability to induce cholesterol efflux could have physiological consequences in vivo in cells other than macrophages. Of particular interest are recent studies suggesting a role of cholesterol metabolism in the development of Alzheimer's disease. 26 In neuronal cells, which express ABCA1, 27 stimulation of cholesterol efflux decreased amyloid-␤ peptide secretion. 26 LXR activation also decreased cholesterol esterification rates and reduced CE levels in human macrophage foam cells. These actions of LXR are not attributable to a decreased gene expression of ACAT1, the enzyme responsible for cholesterol esterification in macrophages. ACAT1 enzyme activity and cholesterol esterification rate are also controlled by FA availability, which could depend partially on their catabolism by enzymes such as carnitine palmitoyltransferase 1 (CPT-1), an enzyme located in the mitochondrial outer membrane catalyzing the entry of long-chain FAs into the mitochondria for their ␤-oxidation. 28 However, LXR activation did not affect CPT-1 mRNA levels in macrophages (data not shown), thus rendering the possibility that reduced cholesterol esterification is attributable to lowered FA substrate availability unlikely. Moreover, LXR activators did not affect neutral CE hydrolase activity in macrophages (data not shown), thus indicating that the effects of LXR occur rather via inhibition of cholesterol esterification than by stimulation of CE hydrolysis. Thus, it is likely that the stimulation of cholesterol mobilization to the plasma membrane by LXR activators results in a reduced availability of cholesterol as substrate for ACAT1.
The observed effects on cholesterol esterification on LXR activation could also reflect the capacity of LXR to induce spontaneous cholesterol efflux from macrophages, even in the absence of any extracellular acceptor in the medium, as demonstrated by Cignarella et al in macrophages simultaneously treated with LXR and retinoid X receptor (RXR) ligands. 29 Our results, obtained on incubation with specific LXR agonists in the absence of RXR agonists, indicate that LXR activation increases only very weakly the spontaneous cholesterol efflux to culture medium compared with the observed induction in the presence of apoAI (data not shown). Thus, it is unlikely that under the condition studied here, the reduction of cholesterol esterification on LXR stimulation is a consequence of an induction of passive cholesterol efflux.
In conclusion, our results demonstrate a novel role for LXR in the control of cholesterol mobilization and distribution, an effect which, associated with the induction of ABCA1 and ABCG1/ABCG4, may contribute to enhanced liberation and efflux of free cholesterol and stimulation of the initial step of the reverse cholesterol transport pathway.
